In this work were presented calculated fatigue curves based on fatigue tests of trabecular bone under stepwise load with the application of a linear hypothesis accumulation of fatigue damage. The investigation was performed on 61 cylindrical bone samples obtained from the neck of different femur heads. The bone sample fatigue tests were carried out under compression with stepwise increases of the applied load. The fatigue calculation assumed the Palmgren-Miner (P-M) linear hypothesis accumulation of fatigue damage and the associated modified formulae. The obtained mean fatigue curves were based on the modified stress σ/E 0 (E 0 -initial stiffness) for the assumed rule-determined slope or y-intercept. The highest agreement with the literature was obtained for Σn/N=10.
Introduction
Due to the complexity of the fatigue processes, physical descriptions are often impossible to define, and thus, in most methods that allow for a calculated evaluation of fatigue life, the fatigue damage accumulation hypothesis is used. Publications [1, 2] refer to several hypotheses of fatigue damage accumulation for different materials. The simplest and the oldest hypothesis is the Palmgren hypothesis supported by the results reported by Miner and referred to as the P-M hypothesis. The modifications to this hypothesis involve introducing more complex forms of the fatigue life relationships, including many of the load parameters and environmental factors. There are also nonlinear hypotheses based on the assumption of equi-damage fatigue lines [3] .
The aim of the authors is to present a method for the estimation of the S-N curve for the description of fatigue properties of bone using as the base Palmgren-Miner hypothesis (and its modifications), literature data and a single sample. The authors focused on the presentation of this method and calibration its parameters.
Methods
The paper uses the research results of 61 cylindrical bone samples that were 10mm in diameter and 8.5mm in length and were obtained from the neck of femur heads. The samples were obtained from 21 men and 40 women undergoing hip joint alloplasty. The samples were stored in a 10% formalin solution at room temperature.
All of the samples were scanned with a desktop microCT system (µCT-80, SCANCO Medical AG, Bruettiselllen, Switzerland) with a distance of 36µm between. When scanning the values of many bone structure indices were obtained: trabecular number Tb.N, trabecular thickness Tb.Th, trabecular separation Tb.Sp, bone volume fraction BV/TV, surface fraction BS/BV and the number of joints between individual trabeculae per unit volume of specimen Conn.D.
The bone sample fatigue tests were carried out under compression with stepwise increases in the load using the testing machine, INSTRON 8874 (Instron, High Wycombe, England). The minimum loading for all of the loading levels was 5N. The maximum loading started at 10N with a gain every 10N at each successive step. At each loading level, 500 cycles were completed under constantamplitude loadings at a frequency of 1Hz. During the fatigue test were recorded values of displacements and forces with a frequency of 100Hz. Fatigue test termination criterion was the step increase of the recorded displacement.
The calculations assumed a linear hypothesis of fatigue damage accumulation.
where: k is the number of executed load levels, D is the damage parameter.
In the first case, it was assumed that the sum of the quotient of the executed cycles, n, at a specific load level to the fatigue life, N, at the same load level at the moment of damage occurrence equals D=1. In the second case, the same linear hypothesis was considered, however parameter D can take values different than 1.
In both cases, the fatigue life, N, was derived from the S-N curve of the form shown below:
where: σ is the maximum stress, a is the y-intercept of the obtained straight line, and b is the slope after linearization in bilogarythmic coordinates. The calculations were based on constant values of the equations coefficients for two cases. In first case, all of the fatigue curves assumed the same value of the yintercept, a. In second case, assumed that the value of the slope b from did not change in all calculations.
The following values from literature [4, 5, 6, 7, 8] were assumed for the main calculations in the case of invariability of the y-intercept: 0.0098 -the mean value a for human bones, in case of invariability of the slope: -0.1094 -the mean value b for human bones. Calculations were also made for the following values of the y-intercept 0.0121 -the maximum value for human bone (same as mean value a for bovine bone) and 0.0241 -the maximum value a for bovine bone.
Results
As an example, the results of calculations, made for D=1, and the changes in the values of the coefficients for the fatigue equation were a=0.00980, 0.0121 and 0.0241 and b=-0.1094 (mean) are shown on the Fig. 1 . Fig. 1 presents a set of fatigue curves in a different form; as an example, for the sum of damage D, which equals 1, the curves for all of the samples show the range of variation in the location; the mean curve (for the mean value of a, Fig. 1a-c, or the mean value of the slope b, Fig. 1d) ; and the area defined by the intervals of confidence for the mean value. In all cases, α=0.05 was assumed. This distribution demonstrates how the locations of the curves change with increasing values of the y-intercept (Fig. 1a-c) The fatigue curve calculation results for all the conditions assumed are given in Table 1 . An increase in the absolute value of the slope b m with an increase in the value of the y-intercept and an increase in the value of the damage parameter D was clearly visible. The damage parameter D is well described by the logarithmic function of the mean value of the slope b m and changing in the value of a. The minimal value of the coefficient of determination R 2 compounds to 0.97, whereas the relationship between the value of the mean y-intercept and the value of the sum of the damage was a power function (R 2 =0.99). The results of the experiments for fatigue life, N s , when exposed to a stepwise load in reference to their structure index BV/TV for all of the samples are given in Fig. 2 . This demonstrates the plotted linear approximating function together with the value of the coefficient of determination. The results constitute a basis for the calculations of the fatigue curves.
Discussion
This paper is based on the results of research conducted on a different samples of the bone, which were clearly confirmed by the results of the investigations made for the structure indices. In paper [5] , the scatter BV/TV for 35 samples from 9 donors (relative standard deviation -RSD=38.5%) was comparable with the scatter obtained in the current experiments (61 donors and RSD=37.1%). The coefficient of determination for the fatigue curve in the same paper [5] was not particularly high R 2 =0.54). In paper [4] , the scatter for 29 samples from 4 donors was higher than in our experiment (as much as RSD=42.5%); however, introducing the stress modification to the fatigue equation with the use of the volume fraction and the fabric eigenvalue resulted in a high correlation between the stress and the fatigue life at a constant load amplitude (R 2 =0.95). The relationship between the fatigue life results and the volume fraction, and thus one of the structure indices, does exist. It was not a strong correlation (R 2 =0.689); however, it should be noted that this relationship covers not only the bone properties (including the structure with its individual characteristics, damage and the effects of remodeling) but also the specificity of the fatigue damage process for stepwise loading with the dynamics also associated with the bone properties.
